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Abstract
We investigated the production of neutralino pairs via photon-photon
collisions in the minimal supersymmetric model(MSSM) at future lin-
ear colliders. The numerical analysis of their production rates is carried
out in the mSUGRA scenario. The results show that this cross section
can reach about 18 femto barn for ~01 ~
0
2 pair production and 9 femto
barn for ~02 ~
0
2 pair production with our chosen input parameters at a
future next linear collider.
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1. Introduction
Searching for supersymmetric particles and determining their properties is one of the
main tasks at a future e+e− Linear Collider(LC), because LC provides a ’clean’ environment
in detecting the supersymmetric signals. In the supersymmetric theoryciteNilles, proper elec-
troweak symmetry breaking induces the right properties of the LSP being a natural weakly in-
teracting cold dark matter candidate, which can explain many astrophysical observations[2].
The minimal supersymmetric standard model(MSSM)[1] predicts that there exists an ab-
solutely stable lightest supersymmetric particle(LSP). Most often the LSP in the MSSM
theory is the lightest Majorana fermionic neutralino ~01. Therefore the production of the
lightest neutralino ~01 and the second lightest neutralino ~
0
2 may be studied at a future
electron-positron LC, and the detailed study of the neutralino sector will help us to deter-
mine which kind of the supersymmetric models really exists in nature. In the MSSM, the
physical neutralino mass eigenstates ~0i (i = 1  4) are the combinations of the neutral
gauginos, ~B and ~W 3, and the neutral higgsino, ~H01 and
~H02 . In the two-component fermion
elds  0j = (−i0 ;−i3;  H01 ;  H02 )[3], where 
0
is the bino and 3 is the neutral wino, the
neutralino mass matrix in the Lagrangian is given by
LM = −1
2
( 0)TY  0 + h:c:; (1:1)




M1 0 −mZ sin W cos  mZ sin W sin 
0 M2 mZ cos W cos  −mZ cos W sin 
−mZ sin W cos  mZ cos W cos  0 −




In the above equation, the neutralino mass matrix is related to four unknown parameters,
namely , M2, M1 and tan = v2=v1, the ratio of the vacuum expectation values of the two
Higgs elds.  is the supersymmetric Higgs-boson-mass parameter and M2 and M1 are the
gaugino mass parameters associated with the SU(2) and U(1) subgroups, respectively. In
CP-noninvariant theories, M1, M2 and higgsino mass parameter  can be complex. However,
M2 can be real and positive without loss of generality by reparametrization of the elds.
But in this work we shall investigate neutralino pair production in framework of the MSSM
ignoring CP violation and takeM1 and  as being real. The matrix Y is symmetric and can be
diagonalized by one unitary matrix N such that ND = N
Y N+ = diag(m~01; m~02 ; m~03; m~04)
with the order of m~01  m~02  m~03  m~04 . Then the two-component mass eigenstates can
be
0i = Nij 
0
j ; i; j = 1; : : : ; 4: (1:3)
The proper four-component mass eigenstates are the neutralinos which are dened in terms






(i = 1; : : : ; 4); (1:4)









where ~Mi’s are the diagonal elements of ND.
The direct neutralino pair productions at the LHC are studied in references [4][5][6]. In
this paper we investigate the direct neutralino pair production via photon-photon collisions at
the next electron-positron LC in framework of the MSSM with complete one-loop Feynman
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diagrams. The numerical calculation will be illustrated in the CP conserving mSUGRA
scenario with ve input parameters, namely m1=2, m0, A0,  and tan , where m1=2, m0 and
A0 are the universal gaugino mass, scalar mass at GUT scale and the trilinear soft breaking
parameter in the superpotential respectively. From these ve parameters, all the masses and
couplings of the model are determined by the evolution from the GUT scale down to the low
electroweak scale[7]. The paper is organized as follows: In section 2, we give calculations of
the neutralino pair production via photon-photon collisions at the next linear colliders. In
section 3, we discuss the numerical results of the cross sections and nally, a short summary
is presented.
2. The Calculation of e+e− ! γγ ! ~0i ~0j
Neutralinos can be produced at e+e− colliders, either in diagonal or in mixed pairs. In
this section we calculate the process
e+e− ! γγ ! ~0i ~0j ; (i = 1; 2; j = 2):
The generic Feynman diagrams contributing to the subprocess γγ ! ~0i ~0j in the MSSM at
one-loop level are depicted in Fig.1, where the exchange of incoming photons in Fig.1(a:1 
6), Fig.1(b.5) and Fig.1(c:1  4) are not shown. The Feynman diagrams in Fig.1 include
the loops of quarks, squarks, leptons, sleptons of three generations, charginos, W+ boson,
charged ghost, charged Higgs boson and goldstone. Here we should mention of two points:
(1) There is no diagrams with a triangle squark(slepton) loop coupling with an A0 or G0
boson in Fig.1, because the vertices of A0(G0)− ~q − ~q vanish[8]. (2) Our calculation shows
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that the Feynman diagrams involving quartic vertices γ − h0 − G+(H+) − G−(H−) and
γ−H0−G+(H+)−G−(H−), which have similar structure to Fig.1(b.5), have no contribution
to the cross section, therefore we omitted them in gure 1. The Z0 boson intermediated s-
channel diagrams similar to the diagrams of Fig.1(b.3)  (b.5), Fig.1(c.1)  (c.3) are not
plotted in Fig.1 either, since they cannot contribute to the cross section. That is the result
of two reasons: (1) The CP-odd scalar component of the Z0 boson does not couple to the
invariant CP-even ~0i ~
0
j state. (2) The vector component of the Z
0 boson wave function does
not couple to the initial γγ state as the result of the Laudau-Yang theorem.
Since there is no tree level diagram for the neutralino pair productions via photon-photon
collisions, the calculation for these processes can be simply carried out by summing all
unrenormalized reducible and irreducible one-loop diagrams and the results will be nite and
gauge invariant. In this work, we perform the calculation in the ’t Hooft-Feynman gauge.
We divide all the one-loop diagrams in Fig.1 into three groups: (1) box diagrams shown in
Fig.1(a.16), (2) quartic interaction diagrams in Fig.1(b.15), (3) triangle diagrams shown
in Fig.1(c.13).
We denote the reaction of neutralino pair productions via photon-photon collisions as:
γ(p1; )γ(p2; ) −! ~0i (k1)~0j(k2); (i = 1; 2; j = 2): (2:1)
where p1; p2 and k1; k2 denote the four momenta of the incoming photons and outgoing
neutralinos, respectively. In the calculation of the amplitudes, we should note that there
should be a relative sign (−1)ij between the amplitudes for one diagram and its counterpart
obtained by exchanging the nal neutralinos (where the indices i and j are for the nal
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neutralinos). It is because that the amplitude should be antisymmetric under interchange
of the two nal identical fermions. The corresponding matrix element can be written as
Ms = (p1)(p2)u(k2)PL
n
fL1 γγ + f
L
2 γγ/p1 + f
L
3 γγ + f
L
4 γγ/p1 + f
L
5 p2γ
+fL6 p2γ/p1 + f
L
7 k1γ + f
L
8 k1γ/p1 + f
L

































(1  γ5), fL;Rk (k = 1; :::; 22) are form factors. Then the cross sections for
these subprocesses at one-loop order in unpolarized photon collisions can be obtained by










XjMj2; (i = 1; j = 1; 2): (2:3)














)ij is due to the two identical particles in the nal states. The bar over the sum
means average over initial spins.
The neutralino pair production via photon-photon fusion is only a subprocess of the
parent e+e− linear collider. The total cross section of the lightest chargino pair production via
photon fusion in e+e− collider can be obtained by folding the cross section of the subprocess















s^ are the e+e− and γγ c.m.s. energies respectively and dLγγ=dz is the










where fγ=e is the photon structure function of the electron beam [9, 10]. We take the structure












; for x < 0:83; xi = 2(1 +
p
2)
0; for x > 0:83:
(4:8)
3. Numerical results and discussions
In this section, we present some numerical results of the total cross section in the
mSUGRA scenario from the complete one-loop diagrams for the processes e+e− ! γγ !
~0i ~
0
j ; (i = 1; j = 1; 2). The input parameters are chosen as: mt = 173:8 GeV , mZ =
91:187 GeV , mb = 4:5 GeV , sin
2 W = 0:2315, and  = 1=128. We assume that ~
0
1 is the
LSP and escapes detection. In numerical calculation to get the low energy scenario from
the mSUGRA, the renormalization group equations(RGE’s)[12] are run from the weak scale
MZ up to the GUT scale, taking all thresholds into account. We use two loop RGE’s only
for the gauge couplings and the one-loop RGE’s for the other supersymmetric parameters.
The GUT scale boundary conditions are imposed and the RGE’s are run back to MZ , again
taking threshold into account.
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As we know that the s-channel resonance eects of the intermediate Higgs bosons (see
Fig.1(b,c)) could play an important role in some c.m.s. energy regions of incoming photons.
With the mSUGRA scenario input parameters used in our numerical calculation, the mass
of the lightest Higgs boson h0 is under the thresholds of W+W− and Z0Z0 decays. Therefore
the relevant decay width of h0 is mainly contributed by the decay channel of h0 ! bb. The
decay channels of H0 may involve H0 ! qq(where q may be top and bottom quarks), H0 !
h0h0 (A0A0), H0 ! ~+1 ~−1 (~0i ~0j (i = 1; j = 1; 2)) and H0 ! W+W− (Z0Z0), if the mass of
H0 is larger than the thresholds of all those decay channels. The main decay channels for the
pseudo-scalar Higgs boson are A0 ! Z0h0, A0 ! qq and A0 ! ~+1 ~−1 (~0i ~0j(i = 1; j = 1; 2))
under similar conditions. In our calculation, all the decay widths of the intermediate Higgs
bosons are considered at the tree level and their expressions can be found in appendix B of
reference [8].






2 via photon collisions at linear colliders versus
the mass of ~02 is shown in Fig.2. The input parameters are chosen as m0 = 100 GeV ,
A0 = 300 GeV ,  > 0 and tan  = 4. We calculate the cross sections at the collision energies
of electron-positron
p
s being 500 GeV and 1 TeV . In the framework of the mSUGRA,
when the masses of ~02 varies from 81 GeV to 251 GeV as shown in Fig.2, the masses of
Higgs boson H0 and A0 increase from 231 GeV to 510 GeV and from 226 GeV to 507 GeV
respectively and the mass of the Higgs boson h0 is always under the threshold of ~01 ~
0
2 decay.
Therefore the contribution to the cross section from the s-channel with exchanging h0 is very








2 decay modes, the cross section of the subprocess will be strongly enhanced
by the s-channel resonance eects when the total energy
p
s^ of the subprocess approaches
the mass of H0 or A0.
We can see from Fig.2 that all the cross sections for the neutralino pairs(~0i ~
0
j (i = 1; j =
1; 2)) decreases with the increment of the value of m~2 . It can reach 18 femto barn when
p
s = 500 GeV and m~2  81 GeV . For the two curves of
p
s = 500 GeV , the cross sections
with
p
s = 500 GeV go down rapidly when the values of the mass of ~2 are in the vicinity
of 193 GeV . The reason is that the resonance eects from H0 and A0 exchanging s-channels
do not contribute to the total cross section, since the maximum c.m.s energy of incoming
photons is
p
s^max  0:83ps < mH0(mA0). That fact reflects that the resonance eect of the
s-channels plays an important role in the total cross sections of neutralino pair productions
at LC. From this gure we can see that the cross sections of neutralino pair productions
with
p
s = 500 GeV are always larger than those with
p
s = 1 TeV when m~2 is less than
180 GeV , and will be smaller than those with
p
s = 1 TeV when m~2 is larger than 185 GeV .
In Fig.3 we present the cross sections of neutralino pair productions versus tan with the
collision energy of electron and positron being 500 GeV and 1 TeV respectively, where the
other four input parameters are chosen as m0 = 100 GeV , m1=2 = 150 GeV , A0 = 300 GeV
and  > 0. Our calculation shows that in the mSUGRA model when tan  increases from
2 to 32, the mass of ~01 ranges from 51 GeV to 57 GeV and the mass of ~
0
2 ranges from
98 GeV to 102 GeV . So the masses of neutralinos are nearly independent on tan , but the
masses of Higgs boson H0 and A0 depend on tan  and decrease from 352 GeV to 166 GeV
8
and from 344 GeV to 165 GeV , respectively. The mass of h0 is a function of tan  too,
but keeps mh0 < m~01 + m~02 . Since the couplings of Higgs bosons to quarks and squarks
pair are related to the ratio of the vacuum expectation values, tan  should eect the cross
sections substantially. We can see from the gure that the cross section for mixing neutralino
pair(~01 ~
0




2) production. When the ratio







2 pair productions can reach maximum, where we have m~1 = 52 GeV
and m~2 = 98 GeV .
4. Summary
In this paper, we studied the pair production processes of the neutralinos via photon-
photon fusion at LC. The numerical analysis of their production rates is carried out in the
mSUGRA scenario with some typical parameter sets. The results show that the cross section
of the neutralino pair productions via photon-photon collisions can reach about 18 femto barn
for ~01 ~
0




2 pair production at an electro-positron LC
with our chosen parameters. Our numerical results present a fact that in some c.m.s energy
regions of incoming photons, there exist obvious s-channel resonance eects from s-channel
diagrams by exchanging intermediate H0 and A0 Higgs bosons in the cross sections of the
subprocesses and these eects can makes observable cross section enhancement on the cross
sections of the parent processes at linear colliders.
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Figure Captions
Fig.1 The Feynman diagrams of the subprocess γγ ! ~0i ~0j . (a:1  6) Box diagrams.
(b:1  5) quartic interaction diagrams. (c:1  3) Triangle diagrams.
Fig.2 Total cross sections of the process e+e− ! γγ ! ~0i ~0j ; (i = 1; 2; j = 2) as
function of m1=2 at electron-positron LC with
p
s = 500 GeV . The solid curve is for ~01 ~
0
2




Fig.3 Total cross sections of the process e+e− ! γγ ! ~0i ~0j ; (i = 1; 2; j = 2) as
function of tan at electron-positron with
p
s = 500 GeV . The dash-dotted curve is for
~01 ~
0
2 pair production and the dashed curve is for ~
0
2 ~
0
2 pair production.
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